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Abstract
We propose a new non-thermal Leptogenesis mechanism that takes place during the reheating
epoch, and utilizes the Ratchet mechanism. The interplay between the oscillation of the inflaton
during reheating and a scalar lepton leads to a dynamical system that emulates the well-known
forced pendulum. This is found to produce driven motion in the phase of the scalar lepton
which leads to the generation of a non-zero lepton number density that is later redistributed
to baryon number via sphaleron processes. This model successfully reproduces the observed
baryon asymmetry, while simultaneously providing an origin for neutrino masses via the seesaw
mechanism.
1 Introduction
One of the major unsolved problems in modern physics is the origin of the observed baryon
asymmetry of the universe. The size of the baryon asymmetry is parametrized by the asymmetry
parameter ηB [1],
ηB =
nB
s
≃ 8.5× 10−11 , (1)
where nB and s are respectively the baryon number and entropy densities of the universe.
Any CPT conserving model that wishes to generate this asymmetry must satisfy the so
called Sakharov conditions [2]. Although the Standard Model of particle physics does so, it is
unable to reproduce a large enough asymmetry, and hence new physics is required. It is usually
assumed that the baryon asymmetry at the end of the inflationary epoch was negligibly small
or zero, due to the rapid dilution of any initial baryon number density that may have existed.
Due to this, most mechanisms of Baryogenesis are assumed to occur after inflation; during the
reheating or subsequent epochs prior to Big Bang Nucleosynthesis.
In what follows we shall outline a new mechanism for Leptogenesis in which lepton number
generation is driven by the oscillations of the inflaton field. Leptogenesis is a widely studied
paradigm that was first suggested in Ref. [3, 4], in which the baryon asymmetry is proposed to
have originated in the leptonic sector. Once the lepton asymmetry is generated it is converted
to baryon number via B + L violating sphaleron transitions which are in thermal equilibrium
prior to the electroweak phase transition [5, 6, 7]. See also Ref. [8].
The new Leptogenesis mechanism we propose here acts during the reheating epoch, and is
inspired by the ratchet models that describe molecular motors in biological systems [9] and the
potential application of it to Baryogenesis [10]. In a previous work [11] we considered a toy
model consisting of a scalar baryon and inflaton, embedded in the ratchet framework, which
aimed to successfully generate the observed baryon asymmetry. Here, we explore more deeply
this mechanism from the perspective of Leptogenesis, providing a source for Baryogenesis and
simultaneously providing an origin for the neutrino masses.
2 Description of the Model
We construct a model consisting of two scalar fields – a real scalar field Φ that we identify as
the inflaton, and a complex scalar lepton φ. Complex scalars were first utilised for the purposes
of Baryogenesis in the Affleck-Dine mechanism [15]. In the ensuing analysis we assume that the
dynamics during reheating are dictated by these two scalars and only consider interactions of
the inflaton with Standard Model fields via an effective friction term Γ that fixes the reheating
temperature. The scalar lepton φ also has a friction term associated with its decay to right
handed neutrinos. The model is described by the following action:
S =
ˆ
d4x
√−g
[
gµν ∂
µφ∗∂νφ − V (φ, φ∗)
+
1
2
gµν ∂
µΦ ∂νΦ − U(Φ) + i
Λ
gµν
(
φ∗
←→
∂µφ
)
∂νΦ
]
, (2)
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where U(Φ) is the inflationary potential, and V (φ, φ∗) is the scalar lepton potential. The form
of the interaction between φ and Φ is analogous to that used as in the Baryogenesis mechanism
considered in Ref. [12, 13, 14]. This interaction term is suppressed by the cutoff scale Λ. In the
absence of the V (φ, φ∗) term, this action is invariant under a U(1) symmetry which we identify
with lepton number, under which φ has charge 2. The potential V (φ, φ∗) is assumed to include
a term which breaks this symmetry explicitly.
A key ingredient of our mechanism is the dynamics of the inflaton during reheating. To set
up pendulum like dynamics we require that the inflationary potential approaches an m2Φ2 like
potential during reheating. There are various inflationary models that exhibit this behaviour,
including the well-known Starobinsky inflationary scenario which is in good agreement with
current observational constraints [1, 16]. For illustration purposes, we will discuss our mech-
anism within the context of the Starobinsky inflationary scenario1. In this case, we have the
following inflationary potential,
U(Φ) =
3µ2M2p
4
(
1− e−
√
2/3Φ/Mp
)2
=
1
2
µ2Φ2 + · · · (3)
where µ = (1.3×10−5)Mp is the inflaton mass, and Mp = 2.4×1018 GeV is the reduced Planck
mass. The reheating period in the Starobinsky model is defined by an 1
2
µ2Φ2 potential, leading
to the epoch being characterised by a time averaged Hubble rate that is analogous to the Hubble
rate of a matter dominated epoch [20]. The reheating epoch in this scenario is characterised
by the following initial parameters, from numerical calculations: Φi = Φ(ti) = 0.62Mp, with a
corresponding Hubble parameter of Hi = H(ti) = 6.2× 1012 GeV [21].
We consider the potential associated with the scalar lepton to include an explicit lepton
breaking term of the following form2:
V (φ, φ∗) = V0
(|φ|2)− λφφ∗(φ− φ∗)2 . (4)
Hence, the action during reheating is,
S =
ˆ
d4x
√−g
[
gµν ∂
µφ∗∂νφ + λφφ∗(φ− φ∗)2
+
1
2
gµν ∂
µΦ ∂νΦ − 1
2
µ2Φ2 +
i
Λ
gµν
(
φ∗
←→
∂µφ
)
∂νΦ
]
, (5)
where we have neglected terms associated with V (|φ|2) which will not be important for our
analysis. It is clear that if λ = 0, the action will be invariant under the global U(1)L sym-
metry defined by the transformation (φ, φ∗) → (e−2iαφ, e2iαφ∗), where α is a constant. This
transformation has the corresponding lepton number current,
jµL = −2i (φ ∂µφ∗ − φ∗∂µφ) +
4|φ|2
Λ
∂µΦ . (6)
1In the Starobinsky context, the introduced derivative coupling term is analogous to that considered in [17].
It has recently been shown that such a coupling may be incompatible with cosmological observations [18, 19].
2Through introducing an additional scalar lepton ϕ, we may naturally realize a potential of this form via
spontaneous symmetry breaking 〈ϕ〉 6= 0. In order for this mechanism to work, however, the Nambu-Goldstone
boson associated with this spontaneous breaking must be eliminated.
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We now wish to consider the following polar coordinate parametrization of the φ field, φ =
1√
2
φre
iθ. Under the global lepton number transformation, the phase θ transforms as θ→ θ−2α,
while φr is invariant. In this parametrization the conserved lepton number density, which
corresponds to the time component of Eq. (6), is given by,
n′L = j
0 = −2φ2r
(
θ˙ − Φ˙
Λ
)
. (7)
The non-conserved physical net lepton number density is that from the free-field Lagrangian,
nL = −2φ2r θ˙ . (8)
This implies that within the framework of our mechanism we must produce a non-zero θ˙, a
period of driven motion, to have a net lepton asymmetry generated. In the rest of our analysis,
we assume that the terms that only depend on φr in V are such that they keep φr approximately
fixed to a constant non-zero value, and that only the dynamics of the phase θ need be considered.
Seeing as we wish to consider the cosmological setting of reheating, we take the flat FRW
metric with scale factor a(t). Given this isotropic and homogeneous background, we extend
this assumption to the properties of the scalar lepton and inflaton, for which spatial variation
will be ignored in our analysis. Therefore, in the new parametrization of the scalar lepton and
in a flat FRW background, the action takes the form,
S =
ˆ
dt a(t)3
[
φ2r
2
θ˙2 − λφ4r sin2 θ +
1
2
Φ˙2 − 1
2
µ2Φ2 − φ
2
r
Λ
θ˙ Φ˙
]
. (9)
This action illustrates how the Sakharov conditions are satisfied in our model. Firstly, L
violation is achieved by the potential Vint = λφ
4
r sin
2 θ, which breaks the translational invariance
in θ. Secondly, the derivative coupling between θ and Φ provides C and CP violation. Lastly,
the required push out-of-equilibrium will be provided by the reheating epoch, induced by the
coherent oscillation of the inflaton field. The lepton number asymmetry generated during
reheating shall then be redistributed into a net baryon number by the action of B−L conserving
sphaleron processes [5, 7, 8].
The generated lepton asymmetry will be produced in the form of right handed neutrinos,
via the preferential decay of φ during the period of driven motion. To achieve this, we introduce
the lepton-number preserving dimension four interactions,
∆Lint =
(
gLφ
∗νcRνR + yHHLνR
)
+ h.c. (10)
which describes the coupling of the φ field to the right handed neutrinos. We add also the
Standard Model Higgs field, H , and left handed lepton doublet, L, through their Yukawa
coupling to the right handed neutrino. This interaction shall play a role in the generation of
the active neutrino masses in this model. The interaction term containing φ is responsible for
the generation of the right handed neutrino mass. This shall take part in the neutrino mass
generating model known as the seesaw mechanism [3, 22], which gives an explanation for the
small masses of the active neutrinos.
Now, we can carry out the calculations required to determine the lepton number density
generated in this framework.
3
3 Analysis of the Period of Driven Motion
We shall now find an analytical solution for the equation of motion of the scalar lepton phase
θ to determine the region of parameter space where we obtain driven motion, and hence can
produce a non-zero lepton number density. Firstly, we find the equations of motion for Φ and
θ using the action presented in Eq. (9),
(
Φ¨ + 3HΦ˙
)
+
(
ΓΦ˙ + µ2Φ
)
− φ
2
r
Λ
(
θ¨ + 3Hθ˙
)
= 0 , (11)(
θ¨ + 3Hθ˙
)
+ λφ2r sin(2θ) −
1
Λ
(
Φ¨ + 3HΦ˙
)
= 0 , (12)
which can be simplified, assuming φ2r/Λ
2 ≪ 1, to(
Φ¨ +
2
t
Φ˙
)
+
(
ΓΦ˙ + µ2Φ
)
+
λφ4r
Λ
sin(2θ) = 0 , (13)(
θ¨ +
2
t
θ˙
)
+
1
Λ
(
ΓΦ˙ + µ2Φ
)
+ λφ2r sin(2θ) = 0 , (14)
where ΓΦ˙ is the inflaton friction term, added in by hand, which encapsulates the decay of the
inflaton and fixes the reheating temperature.
We wish for the inflaton’s motion to be unaffected by the dynamics of θ. This is to ensure
that the properties of the reheating epoch and the coherent oscillation of the inflaton are
retained. To do so, we assume that the sin(2θ) term in Eq. (13) can be neglected. The
equation of motion for the inflaton becomes,
Φ¨ +
(
2
t
+ Γ
)
Φ˙ + µ2Φ = 0 . (15)
This equation can be easily solved in the case when Γ≪ µ, which is a valid assumption in our
scenario. The approximate solution to this equation is,
Φ(t) ≃ Φi
(
ti
t
)
e−Γ(t−ti)/2 cos
[
µ(t− ti)
]
, (16)
where ti is the time at which the reheating epoch begins, and Φi = Φ(ti). This solution
indicates that the motion of Φ(t) is oscillatory, with an angular frequency µ, and an amplitude
predominantly attenuated by Hubble damping early in reheating.
Now that we have this solution it is possible to find a simple relation describing the assump-
tion that the sin(2θ) term can be neglected in the equation of motion of Φ. This requires that
the following relation be satisfied,
λφ4r
Λ
≪ amplitude of µ2Φ(t) . (17)
This should be true throughout the reheating epoch, and will be discussed further below.
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Now that we have determined the dynamics of the inflaton during reheating, we can find an
analytical solution for the phase of the scalar lepton. As found above, the equation of motion
for θ is, (
θ¨ +
2
t
θ˙
)
+ p sin(2θ) + q(t) cos
[
µ(t− ti)
]
= 0 , (18)
where the inflaton decay term has been dropped, as the amplitude of ΓΦ˙(t) is suppressed
compared to the amplitude of µ2Φ(t) due to Γ≪ µ, and we have defined
p = λφ2r , q(t) =
µ2Φi
Λ
H(t)
Hi
. (19)
Eq. (18) is not simple to solve, so we shall first consider a few possible scenarios to determine
some of its properties. First, consider the case when p≪ q(t), we now have,(
θ¨ +
2
t
θ˙
)
=
1
t2
d
dt
(
t2θ˙
)
= −q(t) cos[µ(t− ti)] , (20)
which can be integrated to yield,
θ˙(t) = −
(
Φi
Λ
)
ti
t2
(
cos
[
µ(t− ti)
]
+ µt sin
[
µ(t− ti)
])
=
Φ˙
Λ
. (21)
Immediately we can see that there is no lepton number violation in this case, by comparing
this to the leptonic current presented in Eq. (7). We find that there is no dependence on θ,
specifically evidence of the λφ2r sin(2θ) term is absent. Thus, we can see that, in this limit
the motion of θ˙ is driven solely by the oscillation of the inflaton and simply oscillates around
zero, not maintaining any finite value. This is to be expected since this limit is equivalent to
removing the L violating term associated with the scalar lepton potential.
Now consider the limit p≫ q(t), for which the equation of motion becomes,
θ¨ +
2
t
θ˙ + p sin(2θ) = 0 . (22)
In this case, if we start from a state with finite energy, the friction term will damp the motion of
the phase θ until it settles into one of its potential minima, and again there will be no non-zero
θ˙ which persists and can lead to a non-zero lepton number density. Of course, this is to be
expected since in this limit the C and CP breaking term has been removed.
Therefore, we can conclude that for successful asymmetry generation, we require p ≃ q(t)
so that both the L breaking and the C and CP terms can contribute to the time evolution of
θ. Thus, during reheating we must achieve p ≃ q(td) at some time td, which we shall name the
Sweet Spot Condition (SSC):
λφ2r︸ ︷︷ ︸
p
≃ µ
2Φi
Λ
(
Hd
Hi
)
︸ ︷︷ ︸
q(td)
=
µ2Φ(t)
Λ
(
Hd
H(t)
)
, (23)
where Φ(t)/H(t) is constant during the matter dominated epoch. In what follows, we will
associate Λ with the GUT scale, and assume Λ = 1016 GeV.
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3.1 Phase Locked States and the Forced Pendulum
A rigorous solution for θ can be found by drawing an analogy between our mechanism and a
forced pendulum. In Eq. (18), the term proportional to sin(2θ) can be viewed as the gravi-
tational force on the pendulum, when it is at an angle 2θ from the vertical, q(t) the external
pushing force, and a friction term f(t) = 3H + Γφ = (2/t) + Γφ, where we have included the
decay width to right handed neutrinos denoted Γφ. There is an added complexity in our case, in
that the strength of the external force q(t) and the friction f(t) on the pendulum both depend
on t. The time evolution of q(t) is expected to be slow relative to the frequency of the driving
force µ, that is H ≪ µ, so to analyse the dynamics of θ within that time frame, it is sufficient to
replace it with the constant q(td), similarly with the Hubble friction term. It shall be assumed
that Γφ & Hd = H(td), such that during the period of driven motion the production of right
handed neutrinos is the dominant source of friction.
In order to produce driven motion, the timing and intensity of the external push must
match the motion of the pendulum, which is the idea embodied by the SSC, p ≈ q(td). If this
is satisfied, the rotational motion of the pendulum around the fixed point arises with an almost
constant angular velocity θ˙.
The relevant solutions to the the equation of motion in our scenario are those that increase
or decrease monotonously in time with only small amplitude modulations. Such solutions exist
and are known as phase-locked states, which are found in the study of the chaotic behaviour
of the forced pendulum. The conditions for phase-locked states to exist were considered in the
study of chaotic behaviour of electric current passing through a Josephson junction [23]. We
shall follow the notation adopted in these studies [24], and change the variables as follows,
Θ ≡ 2θ , τ ≡
√
2p
[
(t− ti)− pi
µ
]
, ω ≡ µ√
2p
, Q ≡
√
2p
3Hd + Γφ
, γ ≡ q(td)
p
. (24)
Thus, the equation of motion becomes,
Θ¨ +
1
Q
Θ˙ + sinΘ = γ cos(ωτ) . (25)
Our equation coincides exactly with that of the forced pendulum or Josephson junctions. The
generic phase-locked state solution to the above equation has the following form, when γ ≈ 1,
Θ(τ) = Θ0 + nωτ −
∞∑
m=1
αm sin(mωτ − δm) , (26)
where n and m are integers. In the numerical calculations we performed only the phase-locked
states with m = 1 appear. In such solutions the period of the amplitude modulation is equal
to that of inflaton’s oscillation. Hence the solution to our equation of motion is of the form,
Θ = Θn + n(ωτ − δ) − α sin(ωτ − δ) . (27)
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For these solutions, we can calculate the lepton number density nL as the time average of Θ˙.
From this we arrive at the following,
nL = −2φ2r〈θ˙〉 = −2
√
p
2
φ2r〈Θ˙〉 = −2
√
p
2
φ2rnω = −
(
µφ2r
)
n . (28)
Interestingly, this result depends on the integer n, where n/2 is the number of rotations of the
phase θ per oscillation of the inflaton. The value of n is not given by the solution and hence we
must determine it using numerical simulations. In the following section we attempt to obtain
an approximation for the value of n.
3.2 Approximate Analytical Solution and n
Starting with the equation of motion for θ in the form given in Eq. (18) where the friction term
has been dropped for simplicity, and it is assumed that we are in the regime consistent with
the SSC,
θ¨ + λφ2r
[
sin(2θ) + cos(µt)
]
= 0 . (29)
Make the following reparametrization, τ = µt, under which derivatives are denoted by primes,
ξ = µ2θ/λφ2r and n = 2λφ
2
r/µ
2. This gives,
ξ′′ + sin (nξ) + cos(τ) = 0 . (30)
Now we shall assume the following ansatz, that directed motion is present ξ = τ + · · · , and
match this to the phase locked state solution for n and 〈θ˙〉, where the ellipses represent initial
phases and oscillatory terms which go to zero upon averaging ξ. That is, reinterpreting this as
〈θ˙〉 we obtain,
〈θ˙〉 = nµ
2
. (31)
We shall also assume that these oscillating terms are not dominant over the directed motion
term, and see if this is consistent with the simplified equation of motion which is exactly
solvable,
ξ′′ + sin(nτ) + cos(τ) = 0 . (32)
This equation of motion is easily solved and has the general solution,
ξ = a + bτ +
sin(nτ)
n2
+ cos(τ) . (33)
In order for this solution to be consistent with our ansatz, and the original equation of motion
in Eq. (30), b must be 1, upon taking the derivative and time averaging. Hence, it is found
that,
〈ξ′〉 = 1 , (34)
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which implies that the parametrization of n considered here is consistent with that given in
the phase-locked solution. This can be easily verified by solving Eq. (18) numerically, which
confirms the consistency of the approximation,
n =
2λφ2r
µ2
. (35)
Using this value of n we can now proceed with calculating the asymmetry density generated
by the driven motion in θ. That is,
|nL| ≈ 2λφ
4
r
µ
. (36)
3.3 Dynamics after Driven Motion
Once the SSC is violated there is no net production of L, as simultaneous violation of C, CP and
L will not be realized. The phase θ becomes constrained around a singular minimum around
which it oscillates due to the motion of the inflaton, and damped by the friction term defined
by Γφ. To describe this period we take small θ and H ≪ Hd, to allow the approximation of the
amplitude of these oscillations,
θ′′ +
Γφ
µ
θ′ + nθ +
n
2
H(τ)
Hd
cos(τ) = 0 , (37)
where n = 2λφ2r/µ
2, and τ = µt, under which primes denote derivatives. An approximate
solution to this equation can be found when taking H ≪ Hd and Γφ ≪ µ,
θ ≈
(
n
n− 1
)
H
2Hd
cos(τ) , (38)
where this gives an upper limit on the oscillation amplitude,
θmax ≈
(
n
n− 1
)
H
2Hd
. (39)
This result can now be used to check the consistency of our previous assumptions, and provide
additional constraints on the model parameters. It should also be noted that the solution for
θ˙ in this period oscillates around zero with no driven motion, and when time-averaged is zero.
Prior to the period of driven motion, it is easy to see that the dynamics of the inflaton are
unaffected by the dynamics of θ. From the above result, in Eq. (39), we can also consider the
requirements for this to be the case after driven motion has occurred. Firstly, the maximum
scalar lepton energy density should not exceed that associated with the inflaton field,
3M2pH
2 ≫ λφ4r sin2 θ , (40)
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utilizing the SSC and Eq. (39), this gives,
λ ≫ 8× 10−6 , (41)
where we have assumed that for most cases we can use (n− 1)/n ≈ 1.
The second necessary condition is that the equation of motion of Φ, given in Eq. (13), is
unaffected by θ during reheating:
µ2Φ(t) ≫ λφ
4
r
Λ
sin(2θ) . (42)
Utilizing the SSC we obtain,
φ2r
Λ2
≪ 1 , (43)
which is consistent with the assumption we made to derive the equations of motion in Eq. (13)
and Eq. (14). In this analysis we assume that the scale Λ corresponds to the GUT scale. Thus,
it is necessary that,
1015GeV & φr . (44)
We can also apply direct constraints on the Hubble rate at which the driven motion occurs
Hd. From the SSC, Eq. (23), we find that Hd can be expressed as,
Hd = 2n× 1010GeV . (45)
Since the driven motion is taking place during reheating, it is necessary that Hi > Hd, so using
this form we can apply constraints on the allowed values of n:
310 > n > 1 . (46)
The requirement for driven motion n > 1 allows a lower limit to be placed on λ when considering
the condition in Eq. (43) and the approximate value of n,
1 > λ > 5× 10−4 , (47)
which means that the condition derived in Eq. (41) is immediately satisfied in the case of driven
motion. The upper bound is required for perturbativity, and implies φr ≥ µ from n > 1.
4 Right Handed Neutrino Properties
Before considering the size of the resultant baryon asymmetry, we shall look more closely at the
neutrino sector in this model. The mass of the right handed neutrino is dictated by the Yukawa
interactions between νR and the scalar lepton, φ, introduced in Eq. (10). It is necessary that
at least the lightest right handed neutrino must have a mass much less than that of φ, so that
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the decays of φ during the driven motion are not kinematically forbidden. From Eq. (10), the
right handed neutrino will have the following Majorana mass:
mνR =
gLφr√
2
, (48)
where we assume φ gives the dominant contribution to the right handed neutrino mass. Here
we will consider the dynamics of a single right handed neutrino, but this can be easily extended
to three generations.
In this Leptogenesis scenario, the preferential decay of the φ to right handed neutrinos
during the period of driven motion is the production mechanism for the lepton asymmetry.
In order for this decay to be relevant during this period it is necessary that Γφ & Hd. The
decay width of φ to the right handed neutrinos, via this interaction can also be used to apply
constraints on the couplings. Given that mφ ≫ 2mνR, the decay width is of the form,
Γφ =
g2Lmφ
8pi
. (49)
In our analysis we require that Γφ > Hd, thus we can place a lower limit on the coupling gL,
assuming the mass of φ is less than the GUT scale. That is,
gL > 10
−2 , (50)
Now we can find the allowed range of masses for the right handed neutrino,
1014GeV > mνR > 10
11GeV , (51)
where the upper bound is derived from the requirement that mφ ≫ 2mνR, and the lower bound
is found from combining the lower limit on φr from n > 1 and λ < 1, with Eq. (48) and Eq. (50).
The right handed neutrinos cannot play a role in the sphaleron transitions, so prior to the
redistribution of the lepton asymmetry into a baryon number asymmetry, the right handed
neutrinos must decay into the Standard Model leptons. We will assume that this occurs pre-
dominately via the Higgs and Standard Model lepton channel described in Eq. (10). The
corresponding decay width is given by,
ΓνR =
y2HmνR
8pi
, (52)
where yH is the Yukawa coupling between the Higgs, right handed neutrino, and left handed
lepton doublet. This Yukawa coupling in combination with that between the right handed
neutrinos and φ constitute the ingredients for the seesaw mechanism, generating a mass for
the active neutrinos. In this simplified scenario, the left and right handed neutrino masses are
related by the following mass matrix, [
0 mD
mD mνR
]
(53)
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obtained from the Dirac mass term mD and the right handed neutrino mass term mνR . Upon
diagonalizing this matrix we find the masses for the active neutrinos given by mνL ≃ m2D/mνR,
and that associated with the right handed neutrino mνR. The mass of the active neutrinos is
given by,
mνL =
y2Hv
2
h
2mνR
, (54)
where vh ≃ 246 GeV is the Higgs vacuum expectation value. If we combine this with Eq. (52),
ΓνR =
mνLm
2
νR
4piv2h
, (55)
it can be quickly seen that for the right handed neutrino mass scales we consider and the
masses of the active neutrinos, that this decay will occur rapidly during reheating, well before
the electroweak phase transition suppresses the sphaleron transitions.
5 Generated Baryon Asymmetry
Using the approximate form of n derived in Eq. (35), we can now obtain an equation for the
lepton asymmetry parameter, assuming no further generation or washout of lepton number,
apart from expansion. The entropy density at the end of reheating is given by
s =
2pi2
45
g∗T
3
rh , (56)
where g∗ ≃ 106.75, where no further non-negligible productions of entropy are considered. From
Eq. (36) we obtain the following approximate equation for the generated lepton asymmetry,
ηrehL =
|nL|
s
= 0.04
λφ4r
µT 3rh
(
ad
arh
)3
, (57)
where the dilution factor from the time of driven motion to the end of reheating is given by,
(
ad
arh
)3
=
(
pi2g∗
90
)(
T 4rh
H2dM
2
p
)
. (58)
In order to successfully achieve Baryogenesis, we require that the B−L conserving sphaleron
transitions transmit the lepton asymmetry into the baryonic sector, and as such require that the
reheating temperature is greater that 100 GeV. After sphaleron redistribution, the generated
baryon asymmetry is given by,
ηB =
28
79
ηL ≃ 0.17 λφ
4
rTrh
µH2dM
2
p
. (59)
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This result can be simplified by utilizing the SSC, Hd = λφ
2
rHiΛ/µ
2Φi,
ηB ≃ 10−10
(
Trh
2λ× 108 GeV
)
, (60)
hence we can generate the observed baryon asymmetry with reheating temperatures as low as
105 GeV when we consider the lower limit on the parameter λ given in Eq. (47). This simple
solution permits a wide range of inputs including the full allowed range of λ. The allowed
reheating temperature can be as high as that associated with the Hubble rate Hd, assuming
that the mass of φ is much greater such that thermal production does not occur.
6 Conclusion
We have presented a model for Leptogenesis during reheating that utilizes the Ratchet Mech-
anism, and is found to emulate the dynamics of a forced pendulum. This system consists
of a complex scalar carrying lepton number, and an inflaton consistent with the Starobinsky
inflationary mechanism, with the inflaton and the complex scalar interacting via a derivative
coupling. The scalar lepton potential violates L, and the violation of C and CP is introduced
by the derivative coupling interaction. The push out-of-equilibrium in this mechanism is pro-
vided by the reheating epoch, which is a result of the coherent oscillation of the inflaton in its
potential. In order for a non-zero lepton number density to be produced, in the form of right
handed neutrinos, driven motion must be induced in the phase θ, which is achieved when the
Sweet Spot Condition is satisfied. The resultant asymmetry successfully explains the observed
baryon asymmetry, with Trh > 10
5 GeV permitted. This model also provides an origin for
the masses of the neutrinos via the seesaw mechanism, with the right handed neutrinos having
masses of the order 1011 ∼ 1014 GeV. This provides a unique Leptogenesis mechanism where a
high reheating temperature is not required despite consisting of a seesaw scale close to that of
the GUT scale.
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